One of the most important current issues in the management of lakes and reservoirs is the prediction of global climate change effects to determine appropriate mitigation and adaptation actions. In this paper we analyse whether management actions can limit the effects of climate change on water temperatures in a reservoir. For this, we used the model EOLE to simulate the hydrodynamic and thermal behaviour of the reservoir of Bimont (Provence region, France) in the medium term and in the long term (2066-2095) using regionalised projections by the model CNRM-CERFACS-CNRM-CM5 under the emission scenarios RCP 4.5 and RCP 8.5. Water temperature projections were compared to simulations for the reference period 1993-2013, the longest period for which we had year-long data for both hydrology and meteorology. We calibrated the model using profile measurements for the period 2010-2011 and we carried an extensive validation and assessment of model performance. In fact, we validated the model using profile measurements for 2012-2014, obtaining a root mean square error of 1.08°C and mean bias of -0.11°C, and we assured the consistency of model simulations in the long term by comparing simulated surface temperature to satellite measurements for 1999-2013. We assessed the effect of the use of synthetic input data instead of measured input data by comparing simulations made using both kinds of data for the reference period. Using synthetic data resulted in slightly lower (-0.3°C) average and maximum epilimnion temperatures, a somewhat deeper thermocline, and slightly higher evaporation (+7%). To investigate the effect of different management strategies, we considered three management scenarios: i) bottom outlet and present water level; ii) bottom outlet and elevated water level; and iii) surface outlet and elevated water level. According to the simulations, the reservoir of Bimont will have a low rate of warming of the epilimnion of 0.009-0.024°C·yr -1 , but a rapid hypolimnion warming of 0.013-0.028°C·yr -1 . The increase in surface temperatures will augment evaporation. However, the length of the stratification period and the thermocline depth are not expected to change. Elevating the water level and using a surface outlet in the reservoir of Bimont, would result in reductions of surface temperature of a similar magnitude as the expected increase because of climate change.
INTRODUCTION
In the Mediterranean area, water is a scarce resource, especially in the summer season (Gasith and Resh, 1999) . Good management of the resource is thus essential, not only regarding quantity, but also about ecological and water quality. One of the most important current issues in the management of lakes and reservoirs is the prediction of global climate change effects to determine appropriate mitigation and adaptation actions. Global climate change has changed the thermal behaviour of lakes and reservoirs, increasing water temperatures, deepening the thermocline and lengthening the stratification period (Schindler, 1997; Ambrosetti and Barbanti, 1999; Livingstone, 2003; Ambrosetti et al., 2006) . Different modelling works expect these trends to continue in the future (Danis et al., 2004; Fang and Stefan, 2009; Weinberger and Vetter, 2012; Hetherington et al., 2015) .
Water temperature is an important variable in freshwater ecosystems that can affect from freshwater organisms physiology to vital cycles and community composition (Daufresne and Boet, 2007; Cid et al., 2008; YvonDurocher et al., 2012) . In addition, the hydrodynamic behaviour of a lake or reservoir determines its water quality. The thermal and hydrodynamic behaviour of a reservoir depends on external driving factors (hydrology, meteorology) , that can be affected by climate change, and internal characteristics of the water body (depth of the inlets and outlets, morphometry, reservoir management), that can be modified by purposeful human intervention. The effects of such alterations can be investigated through the use of process-based hydrodynamic models (Palau, 2006; Ma et al., 2008; Marcé et al., 2010) , as mathematical representations of the studied system and tools that reflect the modeller's understanding of its functioning (Robson, 2014) . Process-based models have been used to predict climate change effects on lakes and reservoirs for over two decades (Chang et al., 1992; Fang and Stefan, 1994) . Modelling studies on lakes have centred on the prediction of effects on temperature and stratification dynamics, oxygen concentration, water quality, and phytoplankton or fish dynamics (Fang et al., 2012; Bayer et al., 2013; Trolle et al., 2014; Missaghi et al., 2017) . In the case of reservoirs, climate change studies have paid more attention to hydrological impacts (Li et al., 2009; Raje and Mujumdar, 2010; Georgakakos et al., 2012) than to ecological concerns (Chang et al., 1992; Gebre et al., 2014) . Studies on the relation of climate change and reservoir management are still rare (Wang et al., 2012; Kerimoglu and Rinke, 2013; Rheinheimer et al., 2015) . Some studies have analysed the effect of climate change on reservoirs forcing the hydrodynamic model with historical data where air temperature (Rheinheimer et al., 2015) and sometimes wind speed (Kerimoglu and Rinke, 2013) are modified by a constant quantity. However, all meteorological variables may be affected by climate change and changes are not uniform throughout the year. Wang et al. (2012) , instead, used scenarios derived from measured data to explore the effect of variations in climate and hydrology. This approach takes into account climate variability better, but without attempting to make projections of the hydrodynamic behaviour. Our first objective was to predict the climate change effects on the water temperature and stratification of the reservoir of Bimont, which supplies drinking water to the Provence region and the city of Marseille in France. To account for the effect of climate change we used the latest RCP emission scenarios (van Vuuren et al., 2011) of a regionalised climate model. We used the model EOLE (Salençon, 1997; Salençon and Thébault, 1997) to simulate the hydrodynamic and thermal behaviour of the reservoir of Bimont in the medium term and in the long term . The paper demonstrates a methodology to predict the effects of climate change on reservoir hydrodynamics that may be applied to other inland water bodies. The second objective was to test whether management actions could reduce the effects of climate change on the hydrodynamic and thermal behaviour of the reservoir of Bimont. To investigate the effect of different management strategies, we considered three management scenarios by varying outlet depth and water level.
METHODS

Study site
The reservoir of Bimont lies in Saint Marc Jaumegarde, in the Department of Bouches du Rhône (South of France) (Fig. 1) . The Bimont reservoir is part of the water distribution system to the region of Provence managed by the Société du Canal de Provence (SCP) and supplies water to the city of Marseille. The reservoir is also used for protection against floods and hydroelectric production.
The arch dam, with a maximum height of 87.5 m and a length of 355 m, was built in the valley of the stream La Cause. The reservoir has two main inflows (Fig. 2) : The natural tributary, La Cause stream, and an artificial conduct, La Campane gallery. The catchment basin area is 41x10 6 m 2 , of which 27x10 6 m 2 correspond to the natural tributary. The artificial inlet structure of La Campane gallery could release water into the reservoir through a Ø 1.3 m outlet at 315 m asl after passing through a reversible pump-turbine (3-4 in Fig. 2 ), or it could be diverted through a bypass gate to a chute at 331 m asl (2 in Fig. 2) . The dam has two bottom outlets at 288 m asl (Ø 1.5 m) and 287 m asl (Ø 0.5 m), and a spillway at 336 m asl. A small retention dam at the foot of Bimont dam regulates flow withdrawn into the La Cause stream (8 in Fig. 2 ) and into the Marseille channel (7 in Fig. 2) . Most of the outflow is derived through the Marseille channel for irrigation and drinking water.
In normal operation, outflow volumes usually equalled inflow volumes and the water level was maintained approximately constant around 329.5 m asl, corresponding to a volume of 14 hm . Under such conditions, the residence time of the reservoir was about 3 months. Being located in an area of karstic geology, the reservoir suffered from losses by infiltration quantified as 0.2-0.3 m 
EOLE model
We simulated the hydrodynamic behaviour of the reservoir of Bimont with the model EOLE (Salençon, 1997; Salençon and Thébault, 1997) . EOLE is a hydrodynamic model (one-dimensional vertical model), based on the representation of individual physical mechanisms, taking into account the bathymetry of the reservoir, surface energy exchanges, and throughflow in the reservoir (rivers, pumping, turbining, residual stream flow, etc.) . This model combines an integral mixed-layer model for the epilimnion, a diffusion coefficient model for the hypolimnion and an advective fluxes model for its application to dammed reservoirs. EOLE is described more in detail in the Supplementary material.
Input and validation data
The French meteorological service (Météo-France) provided hourly meteorological data: air temperature and relative humidity at 2 m height, wind speed at 10 m, solar radiation, nebulosity, atmospheric pressure and pluviometry. Two meteorological stations exist at a similar distance (~10 km) from the reservoir: Aix-en-Provence (at an elevation of 173 m asl, 43°32'N 5°25'E) and Vauvenargues (at an elevation of 565 m asl, 43°33'N 5°41'E). We used the data from the station of Aix-en-Provence, since it had less missing data and it measured solar radiation. To account for the altitudinal difference between the meteorological station and Bimont reservoir, we applied an adiabatic gradient correction of -6x10 -3°C m -1 to air temperature measurements. We used atmospheric pressure measured at Marignane meteorological station (43°26'N 5°13'E) and nebulosity measured at Marseille meteorological station (43°19'N 5°29'E), since they were not available at Aix-en-Provence station. We applied an altimetric correction to the atmospheric pressure to account for the elevation effect.
The SCP provided daily inflow and outflow data for 2010-2014 and monthly average flows for 1993-2013. Since outflow measured at the outlets were not precise enough for our study, outflow was calculated as the sum of downstream flow (8 in Fig. 2 ) and Marseille channel flow (7 in Fig. 2 ). The inflow of La Cause stream was measured at the gauging station of Gaudinettes (43°33'N 5°34'E), about 1 km upstream from the reservoir. The SCP estimated inflow for the rest of the drainage basin from discharge at La Cause basin using Myer formula. We considered infiltration flow as constant and adjusted it around the SCP estimated value to close the hydrologic budget.
Irstea Hydrobiology Unit (HYAX) measured water temperature in the La Cause stream in 2009-2010. We used the data for the La Cause stream to fit a sigmoid air temperature-water temperature regression model (Mohseni et al., 1998): (eq. 1) The fitted coefficients for La Cause were α = 7.35, β = 19.99, γ = -0.18 and µ = 23.29. The fitted regression model had a correlation coefficient of 0.965 and a root mean square error (RMSE) of 1.0°C. The SCP also provided water temperature measurements for the artificial tributary at the Ryans station, 24 km upstream from the study site. Equation 1 did not work well for the artificial tributary, since its water was extracted at Gréoux reservoir, downstream from Sainte-Croix reservoir, and it showed a delayed annual water temperature cycle and reduced variability at the scale of days to weeks. So, we used instead the modification proposed by Koch and Grünewald (2010) :
where f(T a ) is a moving average (eq. 3) and n is the number of days over which the average was calculated. The fitted coefficients in this case were α = 4.70, β = 15.28, γ = -0.22, µ = 21.34 and n = 68. The fitted regression model had a correlation coefficient of 0.988 and a RMSE of 0.7°C.
We derived the lake bathymetry from the aggregation of two data sources: raster data measured by HYAX using a depth recorder up to the 329 m asl level; and a 5-m resolution MNT raster obtained from Spot-5 satellite images and provided by the Regional Centre of Geographic Information (CRIGE). Water quality profiles (temperature, dissolved oxygen, conductivity) and Secchi depth were periodically measured in Bimont reservoir since June 2009. Measurements were collected twice a month during the period March 2010 to February 2011, and monthly afterwards.
We extracted surface temperature from infrared thermal images taken every 16 days by the satellites Landsat 5 and Landsat 7 (Simon et al., 2014 (Simon et al., ) for 1999 (Simon et al., -2013 . We excluded images with less than 10% of non-empty pixels and those for which atmospheric vapour was out of the range of application (0.5-2 g cm -2 ) of the algorithm of Jiménez-Muñoz et al. (2009) . We took the median of temperatures in all available pixels in an image as the surface temperature for the water body at a given date. The RMSE of satellite-derived surface temperatures was about 1-2°C (Simon et al., 2014) .
Limitations of the input data
In this section, we analyse uncertainties in the input data that can affect the simulation results. Meteorological conditions above a freshwater body can differ from those measured at the nearest meteorological station (Benyahya et al., 2012) , often located at several kilometres. To assess meteorological variability in the study area, we compared meteorological measurements at the stations of Aix-enProvence and Vauvenargues, finding significant differences between them. Average wind speed at Vauvenargues was 0.60 m/s higher than at Aix-en-Provence. The average difference of 2.3°C in air temperature could be attributed to the difference in altitude between both stations considering a usual altitudinal gradient of -6°C km -1 . Additionally, the data of the meteorological reanalysis SAFRAN (Quintana-Seguí et al., 2008; Vidal et al., 2010) with a spatial resolution of 8 km demonstrated the existence of spatial variability in the area surrounding the reservoir of Bimont and both meteorological stations. Although too fine to be resolved by the SAFRAN reanalysis, other geographical features may influence the local climate at Bimont reservoir: to the Southwest of the reservoir of Bimont the Sainte Victoire range, with elevations of 900-1000 m, extends in an E-W direction for about 8 km; and to the North and West of the reservoir there is a plateau with elevations of 400-500 m, so that the reservoir of Bimont is in a sort of cuvette.
The sensitivity analysis (see below and Supplementary material) showed that the model was most sensible to air temperature, solar radiation and wind speed, and slightly sensitive to the temperature of the inflows. So, we applied calibration coefficients to the meteorological forcing to account for differences in microclimatic conditions and shading. We also applied an additive coefficient to the temperature of the inflows to account for a possible systematic bias in the measurement of the temperature of the artificial tributary, measured at 24 km of the reservoir, and in the estimation of the temperature of the natural tributary.
T a ,lake = T a + δ + C Ta (eq. 4)
HS lake = C HS * HS C HS ∈ [0,1] (eq. 5)
T ai,lake = T ai + C Tai (eq. 8)
The variables T a , HS, W, T ni and T ai are, respectively, measured air temperature, solar radiation, wind speed, water temperature of the natural inflow and water temperature of the artificial inflow. T a,lake , HS lake , W lake , T ni,lake and T ai,lake are, respectively, air temperature, solar radiation, wind speed, temperature of the natural inflow and temperature of the artificial inflow applied at the lake. C Ta , C HS , C 1,W , C 2,W , C Tni and C Tai are correction coefficients and δ=-0.94°C is the adiabatic correction. Hydrological input data showed several problems related to missing data, uncertainty of flow data and infiltration losses. The flow data contained some short periods with missing data, sometimes for more than one variable at a time. We estimated missing data through a hydrologic budget when possible and by interpolation otherwise. When more than one flow variable had missing data the distribution of flow between the different variables was highly uncertain. In addition, the volume of the infiltration losses and the discharge of the natural catchment area discharge were more uncertain than the other inflows and outflows because of the difficulty in estimating them. We estimated infiltration losses as 0.29 m 3 s -1 , about 20% of mean throughflow. This estimation is coherent with the estimation of the SCP of 0.2-0.3 m 3 s -1 through a hydrologic balance. However, the accuracy of the estimation of infiltration losses depends on the accuracy of the estimation of the flow from the natural catchment area. Finally, the infiltration depth was unknown. Studies by the SCP indicate that infiltration may take place at 310 m asl (Société du Canal de Provence, 2013). But a preliminary study of Bimont by Dutordoir (2010) with Dyresm indicated an improvement of the modelling performance (especially in the bottom layers) when water infiltrated at the bottom of the reservoir. This result confirmed the disparate nature of this outflow, gathering infiltration, dam water leaks and flow uncertainties. As Dutordoir (2010), we located the infiltration near the bottom, at 285.8 m asl.
Sensitivity analysis and calibration
We identified influential parameters through a local sensitivity analysis, where we varied the value of individual parameters in a plausible range while maintaining the value of the other parameters constant. The Tab. S1 shows the values of the calibration parameters. We calibrated the model using data for 2010-2011 and we validated it for January 2012-August 2014. See the Supplementary material for details on the sensitivity analysis and calibration. Besides, we validated the simulated surface temperatures by comparing simulation results for 1993-2013 to satellite measurements.
Management and climate scenarios
To assess the effects of climate change under different management strategies, we created three compound scenarios:
• The current management strategy of maintaining a constant water level at 329.5 m asl with higher flows in summer than in winter.
• Elevating the water level to 340 m asl, a possibility under study by the SCP after the planned strengthening works at Bimont reservoir.
• Using a surface outlet instead of a bottom one and a water level at 340 m asl.
In all three cases, we assumed the outflows to follow the present seasonal pattern, modelled through a sinusoidal function. We estimated inflows from La Cause stream using the hydrological model GR4J (Perrin et al., 2003) and we adjusted artificial inflows to keep a constant water level.
We used regionalized projections from project CORDEX (Giorgi et al., 2009) issued by the downscaling model RCA4 (Kupiainen et al., 2011; Samuelsson et al., 2011) applied to the projections of the climate model CNRM-CERFACS-CNRM-CM5 (Voldoire et al., 2013) . We downloaded the projections for the two climate scenarios RCP4.5 and RCP8.5, which represent an intermediate emissions scenario and a high emissions scenario respectively (van Vuuren et al., 2011) , from the Earth System Grid Federation (ESGF) Portal (http://esgf.llnl.gov/). Regionalized output had a spatial resolution of 0.11°, approximately 12.5 km, and daily periodicity. We extracted the regionalized climate model (RCM) projection data for two different 30-year periods: 2036-2065 for a mediumterm horizon, and 2066-2095 for a long term horizon. To limit the effect of initial conditions we initialized scenario simulations two years before the study period for 329.5 m water level simulations and three years before the study period for 340 m water level simulations. We used a longer initialization time for higher levels because of the longer residence time. We corrected the projections data using the quantile-quantile method (Boé et al., 2007) .
We estimated inflow temperatures using equations 1-3. Although water-air temperature regressions have often been used to predict climate change effects on freshwater temperatures (Mohseni et al., 1999; Rübbelke and Vögele, 2011) , Arismendi et al. (2014) cautioned against their use to predict temperatures outside the calibration period. To test the validity of using regressions, we compared the regression predictions to those of the processbased model CALNAT (Gosse et al., 2008) . Both CALNAT and the regression models had a similar good performance when applied on calibration data, and predicted similar temperatures when applied on climate projections data. These results are coherent with those obtained by Bustillo et al. (2014) . In addition, inflow water temperatures depend on climatic factors as well as on human influences such as management and urbanization. The latter are difficult to take into account in the models. So, we used sigmoid regressions for parsimony reasons following Bustillo et al. (2014) .
We compared the results obtained for the different management and climate scenarios to the results of historical simulations for the 21-year period 1993-2013. We selected this period because it was the longest one with hourly meteorological data available for all variables. We ran an additional simulation (P_Ref_RCM scenario) for 1993-2013 using RCM data and maintaining a constant water level to We tested the differences between the reference simulation and the different scenarios in several variables using the Mann-Whitney test. We did similarly for the comparison between the Ref simulation and the P_Ref_RCM simulation. We tested the differences between management scenarios under the same meteorological forcing with a paired Mann-Whitney test. The Tab. 1 summarizes the scenarios used.
Metrics used
We assessed the effect of climate change and management practices with different water temperature and stratification metrics. The water temperature metrics were mean annual epilimnion temperature, maximum annual epilimnion temperature, minimum annual epilimnion temperature, mean annual hypolimnion temperature, maximum annual hypolimnion temperature and minimum annual hypolimnion temperature. We calculated epilimnion temperature as the average temperature above the thermocline in the stratification period and the average temperature of the water body during the mixing period. Similarly, we calculated hypolimnion temperature as the average temperature below the thermocline in the stratification period and the average temperature of the water body during the mixing period.
The stratification metrics were the thermocline depth, the date of start of the stratification period, the date of end of the stratification period and the length of the stratification period. The thermocline depth was calculated by EOLE as one of the output variables following Patterson et al. (1984) . We extracted it on different days of the year (120, 150, 180, 210 and 240) to analyse the evolution of stratification during the year. We defined the stratification period as the longest period without mixing where the difference between epilimnion temperature and hypolimnion temperature was at least 0.5°C. In addition, we also calculated mean annual evaporation to assess the variation in evaporative losses in different scenarios.
RESULTS
Hydrodynamic behaviour of the reservoir
Bimont reservoir is a monomictic reservoir, stratified between April and September in three stable layers ( Fig.  3 ): An epilimnion, a wide metalimnion and a small hypolimnion. The epilimnion had a depth of 4-5 m and a two-meter deep diurnal surface mixed layer was often observed during the stratification period. The position of the bottom outlet (13.5 m above the bottom) hampered the exchanges of the bottom layers with the upper ones and created a wide metalimnion. This layer was relatively active due to the advective flows: it received water inlets when their densities matched and provided water to the bottom outlet. This was most clearly seen in 2010, when more profiles were available (Fig. 3) .
Tab. 1. Characteristics of the scenarios used. 
Evaluation of model performance
The quality of the simulations of the thermal behaviour of Bimont reservoir was acceptable (Fig. 4A): The RMSE was 1.32°C for the calibration period and 1.08°C for the validation period; and mean bias was -0.38°C in the calibration period and -0.11°C in the validation period. The simulation performance was better for the epilimnion temperature (RMSE of 1.00°C) than for the hypolimnion temperature (RMSE of 2.76°C). Epilimnion temperature tended to be overestimated, and hypolimnion temperature underestimated and a seasonal error pattern appeared (check Figs. S2 and S3 and the Supplementary material for more information).
Model performance depends on the characteristics of the calibration period (Van Straten and Keesman, 1991; Andréassian et al., 2012) . Long term satellite data showed the long-term stability of the simulation performance (Fig.  4B) . Satellite surface temperature measurements were available for only 132 images, about one third of all images taken in 1999-2013. The RMSE of the simulation respect to satellite measurements was 1.54°C, mean bias was -0.69°C and the correlation coefficient was 0.9715. -2 from April to August, 5-10% of total radiation, in the same period. This is probably due to an underestimation of cloudiness over land in the Northern Hemisphere because of errors in the convective and cloud parameterizations of the CNRM-CM5.1 model (Voldoire et al., 2013 ) from which regionalized data was derived. Contrasting to the increasing trend in the solar radiation measurements, the RCM simulations showed no differences between the reference, medium term or long term scenarios.
Changes in meteorological variables under different climate scenarios
There were also differences in the annual cycle of relative humidity respect to reference conditions. The RCM predicted lower relative humidity in the summer and autumn and a higher humidity between February and April than meteorological measurements for 1993-2013. The magnitude of the differences was of 5% as a maximum, occurring in August. A similar pattern persisted in future climate scenarios. , compared to the 600 mm yr -1 of the reference period, and followed a similar annual cycle. Also, there were no clear trends in precipitation. In the long term, precipitation was lower than in the reference period under the RCP 8.5 scenario, but higher under the RCP 4.5 scenario. Finally, there were no important differences in atmospheric pressure between the reference period and climate projections.
In summary, the meteorological variables predicted by climate projections under the RCP 4.5 scenario in the medium and long term were very similar among themselves and to the medium-term projection under RCP 8.5 scenario. Only the long-term RCP 8.5 scenario differed as it was significantly warmer than the other scenarios. According to the RCM simulations, the effect of climate change in the meteorological variables will mainly be an increase in air temperature, driven by increasing atmospheric longwave radiation.
Effect of climate change on simulated inflow temperatures
As a result of increased air temperatures, inflow temperatures are expected to increase (Fig. 6 ). For the natural inflow, the predicted increase is of 0.4-0.6°C in the medium term and 0.6-1.4°C in the long-term respect to the reference period. For the artificial inflow, the predicted increase is more important, of 0.6-0.9°C in the medium term and 0.8-1.9°C in the long term.
Comparison of simulations for the reference period using measured and synthetic data
To assess the limitations of using synthetic data to study the hydrodynamic behaviour of the reservoir of Bimont, we compared the simulations made using measurements and RCM output for the reference period. In the Ref scenario flow data was much more variable in time than the almost sinusoidal flow function used for the P_Ref_RCM scenario. Small differences were also observed in the annual cycle between meteorological measurements and RCM output for the reference period. These differences represent a source of error that may appear in simulations of future scenarios. According to the MannWhitney test, there were statistically significant differences in the metrics calculated under both scenarios for mean annual epilimnion temperature, maximum annual epilimnion temperature, depth of the thermocline on days 120, 210 and 240, and mean annual evaporation (Tab. 2). Although temperatures were slightly higher in the Ref simulation, evaporation was ~7% higher in the P_Ref_RCM simulation because of the differences in wind speed and relative humidity seasonality. So using synthetic data did not create a significant bias, except for thermocline depth.
Thermodynamic behaviour of the reservoir of Bimont under different climate scenarios
In this section we describe the effect of the climate scenarios RCP 4.5 and RCP 8.5 under the present management strategy (mean water level at 329.5 m asl and bottom outlet). We present the results for the corresponding scenarios P_m_rcp45, P_m_rcp85, P_l_rcp45 and P_l_rcp85 in the Figs. 7-9. In the next section we describe the differences between the three management types under both climate scenarios.
In future scenarios water temperatures in the epilimnion and hypolimnion show a warming trend more important under the RCP 8.5 scenario (Fig. 7) . The increase in mean epilimnion temperatures is 0.4-0.8°C in the medium term and between 0.7°C and 1.9°C in the long term, depending on the climate scenario. Temperature increased most in the RCP 8.5 scenario. Maximum annual epilimnion temperature increased only in the long-term RCP 8.5 scenario, when maximum epilimnion temperature was 1.0°C warmer than under the reference conditions. In contrast, minimum annual temperatures in the epilimnion increased more than either mean or maximum temperatures. Minimum epilimnion temperatures increased between 0.8°C and 1.1°C in the medium term and between 0.9°C and 2.4°C in the long-term.
Mean annual hypolimnion temperatures were higher in all scenarios than present conditions due to winter warming (by 0.8-1.1°C in the medium term). Hypolimnion temperatures remained quite stable between the middle and the end of the century under the RCP 4.5 scenario (+1.0°C respect to reference conditions), but they increased by still another degree under the RCP 8.5 scenario (+2.2°C respect to reference conditions). Maximum annual hypolimnion temperatures were warmer than reference conditions by 1.3°C in the medium term and by 1.0-2.3°C in the long term. Minimum annual hypolimnion temperature increased by between 0.8 and 1.1°C in the medium term and between 0.9 and 1.9°C in the long-term.
Under the present management strategy, there were no statistically significant differences between the reference period and future scenarios regarding the length, start or end of the stratification period (Fig. 8) . The thermocline depth tended to increase in future scenarios (Fig. 8) , with the difference between the reference scenario and medium term scenarios remaining quite stable as the year advanced. On the day of the year 120, the thermocline was significantly deeper for the P_m_rcp85 scenario (+3 m) and for the P_l_rcp45 (+4 m). On the day of the year 150 and 180, the thermocline was about 2-3 m deeper than in reference conditions. On day 210, the thermocline was 2 m deeper under the RCP 8.5 scenarios. Finally, on day 240, the average differences between the reference period and future scenarios attained 3-5 m for all scenarios. These differences, however, are of the same order of magnitude as the difference in thermocline depth between the Ref and P_Ref_RCM scenarios. Mean annual evaporation augmented in future scenarios ( , occurred for the long-term RCP 8.5 scenario. Under the RCP 4.5 scenario, there were no statistically significant differences between the medium and the long term. But under the RCP 8.5 scenario the median of mean annual evaporation increased with statistical significance by 0.001 m 3 s -1 between the medium-and the long-term.
Effect of different management options
According to the simulations, the different management options may alter significantly the thermodynamic behaviour of the reservoir (Figs. 7-9) . Elevating the water level at the reservoir of Bimont reduced annual mean and maximum epilimnion temperatures and modified the development of the thermocline. Under the E scenarios (340 m water level and bottom outlet), the mean epilimnion temperature was reduced by ~0.3°C, and the maximum epilimnion temperature was reduced by ~1.0-1.2°C. At the beginning of the stratification period the thermocline under the E scenarios was about 2 m shallower than under the P scenarios, on day 210 the thermocline depth was approximately the same in both types of scenarios, and at the end of the stratification period the thermocline was deeper with higher water levels.
These modifications were more important if a surface outlet was also used (L scenarios). Then the mean epilimnion temperature was reduced by ~0.9°C and the maximum epilimnion temperature was reduced by ~1.7-1.9°C. In addition, the thermocline became several meters shallower, the mean hypolimnion temperature decreased bỹ 2°C and the maximum hypolimnion temperature decreased by ~7°C, indicating a sharper transition between the epilimnion and the hypolimnion. The greater stability of the stratification also caused a delay of the end of the stratification season of about 50 days. Minimum annual temperatures and the date of start of the stratification period were not affected by the management options considered herein, since these characteristics of the thermal cycle depend mainly on inflow temperature and meteorological factors.
Evaporation was more important in the future scenarios in all cases (Fig. 9) . The evaporated volume increased for higher water levels (E and L management strategies) by about 0.008-0.013 m 3 s -1 , because of the greater evaporation surface. Evaporation was 0.033-0.034 m 3 s -1 under the L management type, slightly lower than under the E management type (0.037-0.038 m 3 s -1 ), because of the lower surface temperatures in L scenarios.
DISCUSSION
Quality of the hydrodynamic projections
We predicted the climate change effect on the thermal and hydrodynamic behaviour of the reservoir of Bimont using a model-based approach. Since models are just approximations of the real systems, explicitly stating the model limitations and uncertainties is essential to avoid overconfidence in simulation results (Boschetti et al., 2011; Gal et al., 2014) . We consider herein the uncertainties linked to the model, including both its structure and calibration, and to the input data.
EOLE was capable to reproduce well the thermo-hydrodynamic behaviour of the reservoir of Bimont. The observed bias of EOLE simulations in the calibration and validation periods are in the range of those found in the literature for 1D hydrodynamic models (Perroud et al., 2009; Stepanenko et al., 2010; Stepanenko et al., 2013; Stepanenko et al., 2014) . EOLE belongs to a class of integral energy models, which also includes models such as DYRESM (Imberger and Patterson, 1981; Antenucci and Imerito, 2000) , GLM and Minlake (Riley and Stefan, 1988) . The structure of this class of models, physically based and including the main thermodynamic processes, has been tested in many study cases and proved to simulate the hydrodynamic behaviour of lakes and reservoirs with sufficient accuracy (Salençon, 1997; Gal et al., 2003; Yao et al., 2014) .
The model's calibrated parameter values provide stable simulations in the long term, with a quality comparable to that of the calibration period, as shown by the comparison between surface temperature simulations and satellite measurements in the reference period (Fig. 4) . When using short periods of data for calibration, it is possible to incur in the overcalibration problem, obtaining an optimum parameter set that results in worse simulations when applied to periods other than the calibration period (Dahl and Wilson, 2006; Andréassian et al., 2012) . Sometimes, simulation results can also look good during the validation period, but worse results are obtained if the same parameter values are applied to a longer time period or different validation period (Andréassian et al., 2012) . This was actually observed during the calibration process. A promising parameter value set according to the 2010-2011 calibration period and the 2012-2014 validation period was discarded after finding overshoots in simulated surface temperature for the 1993-2013 validation period. Using long data periods for the validation of model parameter sets is then essential, especially for long term simulations as those found in climate change studies. When in situ data is scarce, satellite images are a convenient way of obtaining long term data series of surface water temperature (Schneider and Hook, 2010; Sharma et al., 2015) .
The artificial inflow data used for the reference period simulations and the different scenarios has a lower daily variability than that of the calibration and validation periods. For the reference period we used interpolated monthly data, while for the projections we estimated the annual cycle through a sinusoid (with small modifications to compensate for variations in precipitation, evaporation and natural inflow and maintain a constant water level). To assess whether the lower daily variability could have an important effect on the reservoir hydrodynamics and thermal behaviour we compared simulations using daily data and monthly data for the artificial inflow. The only important differences occurred below the outlet depth during certain years at the end of the stratification period. At this time of the year particularly high flows on punctual days might induce a breaking of the stratification that would not occur if daily flows were equal to the monthly values. The autumn overturn may thus be delayed because of the lower daily flow variability and the end of the stratification period predicted in the different scenarios may be overestimated. Since all scenarios are forced by the same type of artificial inflows, there should not be an effect on the general trends.
The RCM data used to force the climate simulations showed biases in the seasonal distribution of solar radiation, wind speed and relative humidity (Fig. 5) . Although climate models continue to improve through an increase in resolution and complexity, some biases still occur (Flato et al., 2013) . In the case of the model CNRM-CM5.1, the quality or air temperature and air pressure has improved, but there are major errors in the seasonal distribution of precipitation and cloud radiative forcing (Voldoire et al., 2013) . Although the quantile-quantile correction corrects average bias and the spread of the RCM simulations, it cannot correct the temporal autocorrelation properties of the series, including the seasonal cycle of the meteorological variables (Boé et al., 2007; Déqué, 2007) . The application of an independent quantile-quantile correction for each season might improve the simulation results (Boé et al., 2007) , but we discarded this option given the relatively short (21 years) data series available to obtain the empirical distribution functions of the meteorological variables and the relatively unimportant effect of these biases (Tab. 2).
The climate model slightly overestimated solar radiation from April to August, but this overestimation had little relevance on the hydrodynamic simulations. A constant increase in solar radiation of 15 W·m -2 in those months for 2010-2011 affected mainly epilimnion temperatures, producing an increase in epilimnion temperature of a maximum of 0.5°C in May. After this peak, the temperature difference decreased. The excess heat was lost mainly through increased evaporation, given that thermocline depth only increased by 1 m by day 240 of the year (end of August). The higher water temperatures induced an increase in mean annual evaporation of 0.007 m 3 s -1 . Since the alteration started after the period of minimum water temperatures in February, minimum epilimnion temperatures were not affected either. The effect on the mean epilimnion temperature was about 0.1°C and it was 0.2°C on maximum annual water temperature. The effect on mean and maximum annual hypolimnion temperature was less than 0.1°C. The effect of the modification of the annual cycle of relative humidity by the climate model was still less important than the effect of the modification in solar radiation, according to a test consisting in increasing relative humidity by 4% from January to June and decreasing it by 4% from July to December for 2010-2011. The only relevant effect was a decrease of maximum annual temperature by 0.1-0.2°C because of the increase of evaporation in the summer.
The accurate prediction of wind speed is important because of its influence on lake hydrodynamics (Bayer et al., 2013) . The wind speed simulations did not show a clear trend. This contrasts with an average decreasing trend of -0.014 m s -1 yr -1 in the world determined from a meta-analysis of 148 studies and an average trend of -0.010 m s -1 yr -1 in Europe for 1979 (McVicar et al., 2012 . The effect of wind on hydrodynamics is expected to be small by the mid-21 st century in the US (Butcher et al., 2015) . According to Christensen et al. (2007) there is little confidence in projected wind speeds and a reduction of wind speed of about 5% would be expected by the end of the century in the study area. This difficulty in simulating wind speed is an important challenge to predicting the effects of climate change on lake hydrodynamics (Mooij et al., 2010) .
Expected climate change effect
Climate change effects on the hydrodynamics of the reservoir of Bimont will be small according to our simulations. Mean annual surface water temperature at the reservoir of Bimont is expected to increase at a rate of 0.009-0.024°C yr -1 . This trend is lower than observed or predicted by others (Komatsu et al., 2007; Dokulil, 2014; Butcher et al., 2015) and corresponds to the lower range of the observed lake warming rates O'Reilly et al., 2015) . Because of the higher surface temperatures, evaporation is expected to increase by about 12-16% at Bimont. However, the effect is of little relevance in comparison with inflow volume and with other studies. For example, Hondzo and Stefan (1991) found an increase in water lost by evaporation of about 40% between 1988 and 1971.
Lake warming rates are geographically variable and depend on the interaction of several factors, such as latitude, depth and average temperature (Butcher et al., 2015; O'Reilly et al., 2015) . In reservoirs, climatic warming trends can be modified by hydraulic N o n -c o m m e r c i a l u s e o n l y management (Moreno-Ostos et al., 2008; Kerimoglu and Rinke, 2013) . Important warming rates may appear because of the reduction of the cloud cover, resulting in higher temperatures and incoming solar radiation . As shown in Fig. 5D , no variations in insolation are expected in the future for the reservoir of Bimont. Temperature increases in the reservoir of Bimont will then be related to increases in air temperature and inflow temperature.
Mean annual hypolimnion temperature is expected to increase at a rate of 0.013-0.028°C yr -1 at Bimont reservoir. This is unexpected, since hypolimnion temperatures tend to respond less strongly to meteorological conditions than epilimnion temperatures (Hondzo and Stefan, 1991) . Actually, found an average hypolimnion warming of 0.05°C in 26 lakes over the world for 1970-2010, a trend one order of magnitude lower. Still, future increases in hypolimnion temperature depend on lake morphology and depth (Gerten and Adrian, 2002; Danis et al., 2004; Butcher et al., 2015) . Increases in bottom water temperature are greater in shallow lakes (Butcher et al., 2015) . In a reservoir, deep outlets increase the mixing rates and decrease the overall stability of the water column, with a higher transport of heat to the lower layers. So, hypolimnion temperatures in reservoirs should be more sensitive to meteorological forcing than in natural lakes.
Additionally, the annual average hypolimnion temperature depends on the winter meteorological conditions (Straile et al., 2003) . At the study area, the most important air temperature increases are expected to occur in the months of November, December and January, when the water column is fully mixed (Fig. 5B) . Kirillin (2010) also found a more important warming in winter for two Berlin lakes. Since minimum temperatures at the reservoir of Bimont occur during the turnover period, usually in February, the higher air temperature warming rate in the previous months can explain that minimum temperatures increase quicker than maximum temperatures.
A general trend towards a more stable stratification has been observed in world lakes . Also, the lengthening of the stratification period and higher stability has been predicted for many lakes (Danis et al., 2004; Fang and Stefan, 2009; Bayer et al., 2013; Gebre et al., 2014; Butcher et al., 2015; Sahoo et al., 2015; etc.) . However, the response of stratification patterns to climate shows a higher variability among lakes than the response of surface temperatures (Read et al., 2014) . Apart from this study, other studies have found a slight effect of climate change on stratification (Hondzo and Stefan, 1991) . Surface temperatures depend on meteorological conditions, while stratification depends on the temperature (and density) jump between the epilimnion and the hypolimnion as well as on morphology and the effect of wind -as parameterized through the Lake number (Imberger and Patterson, 1989) . The faster increase of surface temperatures compared to bottom temperatures has been suggested as the reason for an increase in stability and lengthening of the stratification period in lakes (Livingstone, 2003; Wang et al., 2012) . Since epilimnion temperature and hypolimnion temperature trends are similar for the reservoir of Bimont, it seems reasonable that the stability and stratification period do not change in the projected scenarios. In addition, given the great importance of hydraulic management on stratification (Moreno-Ostos et al., 2008) , we expect stratification patterns in reservoirs to be less affected by climate.
Effect of different management options
Climate change will produce an increase in water temperatures in the reservoir of Bimont, independently of the management scenario. The warming of the reservoir can be limited by changing the management strategy. An elevation of water level from 329.5 m to 340 m may reduce maximum annual epilimnion temperatures by ~1°C (Fig. 7) . In lakes the greater surface area and fetch at higher water levels induces a deeper thermocline by favouring the action of wind (Pompilio et al., 1996; Boehrer and Schultze, 2008) . In reservoirs, stratification is hydraulically controlled by the depth of the outlet: the deeper the outlet depth, the deeper the thermocline (Han et al., 2000; Casamitjana et al., 2003) . Increasing the water depth may also intensify stratification stability (Kerimoglu and Rinke, 2013) . By increasing the surface area, evaporation also increases. In the Bimont reservoir, maximum water loss occurs under the E_l_rcp85 scenario, when evaporation accounts for about 3% of throughflow. In addition to increasing water level, if the extraction depth is changed from the bottom to the surface, maximum annual water temperature decreases by 1.4°C. With a surface outlet surface, warm water is extracted from the system, reducing heat storage and hypolimnion temperatures, avoiding the deepening of the thermocline (Han et al., 2000; Ma et al., 2008) and increasing the stability of stratification (Kerimoglu and Rinke, 2013) . The delayed end of the stratification period under the L management option is probably due to the higher temperature gradient between the epilimnion and the hypolimnion, increasing stability.
This experience has shown that the magnitude of the effects due to changes in management are of the same order of magnitude as climate change effects, which gives an opportunity to develop some management solutions in artificial inland water bodies. We analysed the effect of three simple management scenarios, but more complex management patterns, including extraction at different depths as a function of the time of the year, could be considered, maybe with the improvement of water quality as well as water temperature in mind (Palau, 2006) . Different engineering options already existing could be applied to N o n -c o m m e r c i a l u s e o n l y control reservoir water temperature by extracting water from different depths (Sherman, 2000) .
In this paper we have considered effects on water temperature, stratification dynamics and evaporation only. However, in developing a solution, chemical and biological aspects should also be considered. Using a surface outlet can decrease surface temperatures. This solution can also reduce downstream thermal effects by the dam. But it also means that the renovation time of hypolimnion waters increases greatly with the potential danger of hypoxia. We have not taken into account either the effect of changes in transparency, which can affect the response of lake stratification to climate change (Danis et al., 2004; Butcher et al., 2015) . In our case LEC was 0.34 m -1 and since stratification is very sensitive to transparency for low values of the LEC below 0.5 m -1 (Henderson-Sellers, 1988; Heiskanen et al., 2015) potential changes in water transparency could have an important effect on Bimont reservoir hydrodynamics.
CONCLUSIONS
The reservoir of Bimont will have a low rate of warming of the epilimnion, but a rapid hypolimnion warming, in response to the winter warming in climate scenarios. The increase in surface temperatures will augment evaporation. Unexpectedly, no important climate change effects on stratification are expected. From the thermal viewpoint only, it might be possible to limit the effects of climate change by elevating the water level and/or changing the outlet depth. The most important reductions in water temperatures are obtained when a higher water level is maintained and a surface outlet depth is used. 
